We explored interfacial electronic structures in indium tin oxide (ITO)/DNTPD/N,N'-diphenyl-N,N'-bis(1-naphthyl)-1,1'-biphenyl-4,4'-diamine (NPB) layer stack in an OLED to clarify the real role of an aromatic amine-based hole injection layer, DNTPD. A hole injection barrier at the ITO/DNTPD interface is lowered by 0.20 eV but a new hole barrier of 0.36 eV at the DNTPD/NPB is created. The new barrier at the DNTPD/NPB interface and its higher bulk resistance serve as hole retardation, and thus those cause the operation voltage for the ITO/DNTPD/NPB to increase. However, it improves current efficiency through balancing holes and electrons in the emitting layer.
Introduction
After finding the double layered organic light emitting diode (OLED) by Tang and Van Slyke, 1 persistent progress in current efficiency and operational stability has been accomplished through adopting an additional hole injection layer (HIL) between an anode and a hole transport layer (HTL).
2 A hole barrier lowering at anode/organic interface and the formation of morphologically stable amorphous interface film on the anode have been thought as the important factors bringing the improvements in device performance. Accordingly, many kinds of aromatic amine derivatives [3] [4] [5] with relatively lower ionization energy (IE) than that of ITO and no light absorption in the visible range have been synthesized and applied to the OLEDs. Among them, 4,4',4'' tris[3-methyl-phenyl (phenyl) amino]-triphenylamine (MTDATA) [6] [7] [8] and N,N'-diphenyl-N,N'-bis-[4-(phenyl-mtolyl-amino)-phenyl]-biphenyl-4,4'-diamine (DNTPD) [9] [10] [11] [12] have shown proper optical properties and IE values (5.1 eV). The former has been frequently used in academic researches and the latter in commercial productions. 9, 10 In spite of their important role in OLEDs, however, the origin of the improvements in device performance with such HILs has not ever been investigated and understood clearly. The interfacial electronic structures in the indium tin oxide (ITO)/ organic HIL/HTL layered stack may play a critical role in the improvement of device performance.
Current photoemission studies on metal/organic [13] [14] [15] [16] or organic/organic interfaces [17] [18] [19] [20] reveal that the interfacial barrier height estimated from the difference of separately observed IE values of thin films is far from the reality because the traditional vacuum level alignment is not always valid. In addition, Braun et al. 18 reported that the alignment of energy levels depended on the equilibration of the chemical potential throughout the layer stack and that the interfacial energy barrier between the highest occupied molecular orbital (HOMO) of MTDATA and that of 4,4'-N,N'-dicarbazolylbipheny (CBP) was significantly changed with respect to the work functions of the substrates contacting with MTDATA layer. From this standpoint of view, the investigation of the interfacial energy level alignments in ITO/HIL/HTL layer stack is worth doing to clarify interfacial electronic structures of the films and to construct the efficient device. To clarify the role of DNTPD, commercially promising material, as a HIL, we measured ultraviolet photoemission spectra (UPS) and fabricated the devices with DNTPD as a HIL.
Experimental
Commercially available DNTPD (CHEMIPRO KASEI KAISHA, Ltd.) and N,N'-diphenyl-N,N'-bis(1-naphthyl)-1, 1'-biphenyl-4,4'-diamine (NPB) were used as HIL and HTL, respectively. ITO-coated glass (hereafter ITO substrate) was used as a substrate both for the interface measurement and the fabricated device. The ITO substrates were cleaned in terms of the house cleaning procedure of sonication in a detergent and a rinse in deionized water followed by UV ozone treatment.
In situ UPS measurements were made to explore electronic structures at the DNTPD HIL interfaces and we obtained information on the vacuum level and a HOMO energy level. DNTPD and NPB were thermally evaporated onto an ITOcoated glass substrate (hereafter ITO substrate) in a deposition † chamber maintained below 5 × 10 −9 Torr. The deposition rates of both DNTPD and NPB were controlled to be 1 Å/s, monitored by a quartz crystal microbalance. To investigate the interface between them, DNTPD (20 nm) and NPB (20 nm) were deposited onto an ITO substrate in a stepwise manner. Before and after each deposition step, the sample was transferred to an analysis chamber and measured without the vacuum interruption. The analysis chamber was composed of a hemispherical electron energy analyzer (VG ESCA LAB 220i) and a UV (He I, 21.22 eV) discharge source. The UPS spectra were obtained with a sample bias of −10 V in a normal emission geometry to measure the secondary electron cutoff. We also prepared an ITO/NPB layer stack film as a control sample and carried out similar measurements. The secondary electron cutoff and the HOMO onset positions were estimated with the line fitting as shown in Figure 1 . The energy scale of presented spectra was calibrated with respect to the Fermi level of the sputter-cleaned Au substrate. To confirm the correlation of interfacial electronic structures with device performance, we made holeonly devices with ITO/NPB (100 nm)/Al, ITO/DNTPD (100 nm)/Al, and ITO/DNTPD (50 nm)/NPB (50 nm)/Al layer structures. Each organic material was thermally deposited with 1 Å/s rate in a separate deposition chamber connected to a glove box. After evaporating 50 nm-thick Al as a cathode, all the devices were encapsulated with a 1-mmthick glass cover containing a humidity absorber (Dynic). The current (I)-voltage (V) characteristic was measured by source-measure-units (SMU, Keithley 2400). The off-current levels of the devices were around 10 −9 A.
Results and Discussion
The UPS spectra of the samples are shown in Figure 1 secondary cutoff position is attributed to the formation of interface dipoles due to the charge transfers between them.
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The larger cutoff shift in DNPTD than in NPB reflects that ITO/DNPTD layer stack has larger interface dipoles with a negative pole pointing toward ITO than the ITO/NPB layer stack. Figure 1(c) and (d) show the HOMO region spectra of the samples. The HOMO onsets of the NPB and the DNTPD layer deposited on ITO are 1.33 eV and 1.13 eV, respectively.
In the case of the NPB layer deposited on the DNTPD layer, the HOMO onset of the NPB is observed to be 1.49 eV. With information on HOMOs and vacuum levels, we draw the energy level diagrams of ITO/NPB and ITO/ DNTPD/NPB layer stacks which are shown in Figure 2 In a ITO/DNTPD/NPB layer stack (i.e. after depositing NPB on the DNTPD surface), however, another hole barrier between DNTPD and NPB exists and its value is 0.36 eV. That is, the DNTPD layer reduced a hole injection barrier by 0.20 eV at the ITO/DNTPD interface and formed a new hole barrier by 0.36 eV at the DNTPD/NPB interface. Accordingly, with the introduction of the hole injection layer of DNTPD in an OLED, we facilitate the hole injection from the ITO but this improvement is offset by the additional hole barrier existing between DNTPD and the NPB hole transporting layer.
To confirm the correlation of interfacial electronic structures with device performance, hole only devices with ITO/ NPB (100 nm)/Al, ITO/DNTPD (100 nm)/Al, and ITO/DNTPD (50 nm)/NPB (50 nm)/Al layer structures (hereafter, Device 1, Device 2, and Device 3, respectively) were made. The current (I)-voltage (V) characteristic was shown in Figure  3 With an increasing driving voltage, device 1 shows much higher current density than those of the other devices because of its lower bulk resistance. In the case of device 3, both the additional hole barrier existing between DNTPD and NPB and the high bulk resistance play crucial roles in increasing its operation voltage. These results reflect that, even though the DNTPD layer reduces a hole injection barrier at the ITO interface by 0.20 eV, it, rather, works as hole retardation layer because of the additional hole barrier by 0.36 eV at the DNTPD/NPB interface and its higher bulk resistance. Considering that the hole mobility in an OLED is usually much higher than that of the electron mobility under the same electric field, 22, 23 the dramatic improvement of current efficiency in device 5 can be attributed to charge balancing 8 which results from the hole retardation due to the additional hole barrier and the high bulk resistance. This charge balancing is achieved by the introduction of the DNTPD as a hole injection layer (HIL). This can be demonstrated by fabricating a full OLED which has ITO/DNTPD interface at a proper position. We fabricated other devices, 4 and 5. Figure 3 However, the improved current efficiency fully compensates it and therefore the power efficiency of the device 5 is slightly higher (Fig. 3(c) ). Moreover, when we measured the operating hours of the devices (i.e., its performance falling down to the 40% of the full light emission at 3000 cd/m 2 ), the devices 4 and 5 show 10 h, and 25 h, respectively. This lifetime improvement is due to the lower current density of device 5 for the same brightness, which is obtained by efficient charge balancing through inserting the DNTPD hole injection layer.
Conclusion
In summary, we investigated the real role of an aromatic amine-based hole injection layer (HIL) in an OLED by exploring interfacial electronic structures in the ITO/DNTPD/ NPB layer stack. The DNTPD layer reduces a hole injection barrier by 0.20 eV at ITO/DNTPD interface, but creates a new hole barrier of 0.36 eV at the DNTPD/NPB interface. Therefore, even though the DNTPD layer reduces the hole injection barrier at the ITO interface, it, rather, works as a hole retardation layer because of the additional hole barrier at the DNTPD/NPB interface and its higher bulk resistance, and thus it causes the operation voltage for ITO/DNTPD/ NPB layer structures to increase. However, it helps the improvement in the current efficiency through balancing holes and electrons in the emitting layer of an OLED.
